We have studied experimentally pressure broadening and shift of Ag D1 line caused by He, Ar and N2 buffer gases. The measurements were done in a heat-pipe type absorption cell at a temperature of ≈1000 K and gas pressures up to 1000 torr. The measured values for pressure broadening and shift (in MHz/Torr) are as follows: Ag-He 5.8(1), +1.16(2); Ag-Ar 5.2(2), -2.28(4); Ag-N2 5.2(1), -2.52(7). The "+" and "-" signs indicate the direction for the shifts to the blue and red side of the spectrum, respectively.
I. INTRODUCTION
Broadening and shift of atomic spectral lines caused by buffer gases provide a valuable information about interaction potentials. Studies of these effects in atoms with a single valence electron have focused mainly on alkali atoms, stimulated by the development of atomic clocks, magnetometers, and gyroscopes, as well as by the work on spin-exchange optical pumping important for practical applications. Recently, silver (Ag) attracted attention with its ultra-narrow (1 Hz) optical clock transition between the ground state and the metastable 4d 9 5s 2 D 5/2 state [1, 2] . The study of Ag-He exciplexes [3] at 5-25 K allowed the reconstruction of Ag-He pair potentials for the 2 P 1/2 , 2 P 3/2 , and 2 D 5/2 Ag states. Magneto-optical trapping of silver was realized by Brahmss et al. [4] . Recently, magnetic trapping of Ag in He buffer gas in the temperature range of 150 mK-1000 mK was achieved [5] showing an anomalous temperature dependence of spin relaxation in the Ag-He system that is inconsistent with the model of spin-rotation coupling.
Despite the recent surge of interest in Ag, we found only a single paper, [6] discussing pressure broadening and shift of the Ag D1 and D2 spectral lines by Ar and He. The work [6] was completed in the 1950s; a spectrograph was used as the spectrum analyzer and a hydrogen discharge tube as the light source. Low spectral resolution limited the lower end of pressures of the buffer gases where pressure effects could be observed to about 6 atm.
In the present work, we measured pressure broadening and shift of D1 Ag line caused by Ar, He and N 2 using a tunable laser source and covering the pressure range from vacuum to 1000 torr of the buffer gas.
Our work is motivated, on the one hand, by the ongoing study of silver atoms confined in a cryogenic buffer gas [7] , and on the other, possibility of using silver as * kulan@lanl.gov a proxy for the alkali atoms, primarily sodium, important for the laser guide star applications [8] and, more generally, for understanding of the atomic and molecular processes in the atmosphere.
II. THE SILVER D1 LINE
Silver belongs to transition metals, and has two stable isotopes 109 Ag and 107 Ag. The electronic configuration is [Kr]4d 10 5s 2 S 1/2 . The relevant data for the Ag D1 line are summarized in Table. I. The D1 line is centered at 338.2887 nm (29552.061 cm −1 ) [9] . The data for the isotope shift in the ground state have relatively large uncertainty of about 5% [4] and were measured for the Ag D2 line. The hyperfine interaction causes 2 S 1/2 state to split into F = 0 and F = 1 components and thus both Ag isotopes are direct analogs to hydrogen (J=1/2, I=1/2) and quite similar to alkalis. The D1 line structure is presented in Fig. 1 . 
III. EXPERIMENTAL SETUP AND PROCEDURE
The setup used for the Ag laser spectroscopy is presented in Fig. 2 . The primary complication for the Ag spectroscopy by cw tunable lasers is that the D1 line lies in the ultraviolet part of the spectrum (≈ 338 nm) and lasers generating this wavelength directly are not available. We use a single-mode ring cavity dye laser (Coherent CR-699) pumped by Ar ion laser (Innova 300) and a modified Microlase MBD-E100 frequency doubler. The dye laser is tuned to a central wavelength of 676.57 nm, and a continuous sweep of the frequency (spanning up to 25 GHz) is performed. The output of the laser is fed into the doubling power build-up cavity, where, via second harmonic generation (SHG) in a LBO (LiB 3 O 5 ) crystal, light resonant with the Ag D1 line is produced. The output of the system provides up to ≈1 mW of UV light, but for the experiments in this paper the output was reduced to a few microwatt. A Burleigh WA-2000S wavemeter with a resolution of 0.01 nm is used for coarse tuning and monitoring the wavelength of the dye laser. A part of the red light is redirected to a multi-pass iodine absorption cell used as an absolute frequency reference for measurement of the frequency shifts. A confocal Fabry-Perot Interferometer (Tropel 240) with a free spectral range (FSR) of 1.5 GHz is used to obtain frequency markers for calibration and checking the linearity of the laser scan. After the doubler, the UV light is split into two beams. One beam goes to a photodiode (PD2) used as intensity reference. The second beam is directed to a heat-pipe-type absorption cell made of a stainless steel tube supplied with optical windows on both ends. The windows and the two ends of the tube are kept at close to room temperature by active cooling with running water. Heater-wire element situated around the central part of the tube provides the needed temperature of about 1000 K inside the tube where a small piece of silver foil act as an atomic vapor source. A roughing vacuum pump and a manifold for filling the absorption cell with different buffer gases are also attached to the pipe. Buffer-gas pressure is monitored with a calibrated pressure sensor (Baratron 122AA-01000AB) with an accuracy of 1 torr. Temperature sensor is a thermocouple with an accuracy of about 2%. The light intensity transmitted through the cell is registered with a photodiode (PD1) equipped with an interference filter (IF) with a bandwidth of 10 nm centered at 340 nm. When scanning the frequency of the dye laser the absorption spectrum of the I 2 cell in the vicinity of the D1 line is recorded along with the Fabry-Perot fringes and the signals from PD1 and PD2. The Beer's law allows one to present the intensity ratio of the light transmitted through and incident on the vapor as:
where σ abs is the absorption cross-section, n is Ag atomic density and L is the length of the absorption cell. The "eff " subscript indicates that, in heat-pipe type cell, nL is an integral characteristic and is a function of buffer-gas pressure and gradient in the temperature distribution of the atoms along the beam path. The absorption crosssection in the case of combined homogeneous (pressure) and inhomogeneous (Doppler) broadening could be represented as a Voigt function with corresponding Lorentzian width γ L and Gaussian width γ G . The normalized measured spectrum is fit with an exponent of the sum of six Voigt functions corresponding to the allowed optical transitions. The best fit Voigt function is calculated using the complex error function (wofz) implemented in the SciPy package. A term linear with the frequency is also added to the fit accounting for a slope in the data which arise, for example, due to interference effect from the windows of the absorption cell. The zero value on the frequency axis is fixed as a center of an I 2 absorption peak that is closest to the vacuum Ag D1 line center. We note the remarkable coincidence between the center frequencies of the iodine resonance and half the frequency of the silver resonance (see Fig. 3 ), which could be useful for the frequency-locking purposes. An illustration of a typical absorption spectrum is presented in Fig. 3 for the cases of vacuum (less than 10 −2 torr) and a 1000 torr of He. FPI fringes and I 2 absorption are also shown. The zero of the frequency scale is set at the center of I 2 absorption peak that is closest to the vacuum Ag line. The broadening and shift of the resonances are clearly seen. Fits to all data are presented in Fig. 4 . The results for the shift and broadening for He, Ar and N 2 are presented in Table II along with the previous measurements [6] . All the data are taken in the temperature interval of 990-1030 K. The errors for the broadening data shown in Table II are calculated as a sum of the errors from the linear fits shown in Fig. 4 , the frequency calibration error of about 1.2%, and the pressure error of about 0.1%. In determination of the shift errors, an additional error of about 1% is added accounting for the accuracy in determination of the iodine line center used for frequency reference. One factor not taken into account in the error budget is the fact that along the laser propagation path the atomic density (Ag and buffer gas) and temperature profile are not flat. However, we benefit from the strong filtering action of the Ag absorption (density) profile itself. The registered absorption is from an ensemble of Ag atoms (in thermal equilibrium with the buffer gas atoms) with a narrow distribution of no more than 50 K around the maximum temperature in the tube. This is due to the fact that the absorption has exponential dependence on the Ag density, which, in turn, depends nearly exponentially on the temperature. The results for the shift for He and Ar from [6] are in a relatively good agreement with our measured values. However, that is not the case for the broadening, where the discrepancy is about 20% for Ar and 30% for He with respect to our results. This comparison is done without taking into account the difference in the temperatures at which the measurements were performed. In fact, if we assume that the collisional cross section for broadening changes negligibly in the temperature interval 1000-1250 K, then the broadening should be proportional only to the relative velocity between Ag atom and the buffer gas atom. In such a case we expect the pressure broadening coefficient to be proportional to the T 1/2 . The latter would further deepen the difference between the results of the two works by an additional 10% for He and Ar.
V. CONCLUSSION
We have measured broadening and shift of the Ag D1 line caused by He, Ar, and N 2 buffer gases. To the best of our knowledge, the data for N 2 are provided for the first time. The results for the shift for He and Ar are in relatively good agreement with the data from Ref. [6] , but the broadenings are smaller in the earlier work. The values determined in Ref. [6] are measured at about 1200 K and at pressures ranging from about 5 atm up to 80 atm. No errors for the shift and broadening are indicated by the authors. In contrast, in the current work we covered the low-pressure range up to 1000 torr and temperature of about 1000 K. Silver serve as a good proxy for alkali atoms with a big advantage of being nonreactive with, for example, CO 2 and O 2 . In fact, in a recent work [12] , it is shown that the total(elastic and inelastic) scattering cross sections for Ag-N 2 and Na-N 2 are similar, despite the fact that the inelastic collisions are more important for Ag-N 2 than for Na-N 2 . We plan to extend our work by measuring broadening and shift due to O 2 , as well as spin depolarization cross-section Ag-O 2 which will serve as a good proxy for the Na-O 2 cross section. The latter is important for modeling and realization of highly effective guide stars widely used in most advanced telescopes [8] .
